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Summary 


Mechanical design and mamiractiire of two splitlcr-bladed centrifugal compressor impeilers was 
completed for rig testing at NASA Lewis Research Center. The full-blade geometry is similar 
to that of an impeller previously designed for the ERDA Automotive Gas Turbine Prognim 
(Contract No. E(l I'i)-2749). This reference impeller was designed without splitters and had 
high aerodynamic loading on the rear half of the blade. To minimize inertia and engine 
acceleration lime the addition of splitters was considered a means of improving rotor efficiency 
through reduction of blade loading. The blade angle distributioti of the splitter was identical to 
the conesponding positions on the full blade except for the leading edge. The NASA 
specification of splitter leading-edge angle distribution was based on matching the local channel 
flow direction between the full blades. Since the addition ..f the splitters was expected to 
increase compressor work, the tip diameter was reduced by an amount determined from a 
calculated c.stimate of work coefficient. 

The contractor computed the blade coordinates for this design for bluepnnt definition. 
Calculations were performed for mas.s and center-of-gravity, for stress and vibi'ation analyses, 
and for shaft critical speed analysis. The contractor made engineering drawings and procured 
two impellers. One impeller was machined to print; the other had a blade height and exit radius 
of 2.54 mm larger than print dimensions. 

introduction 

The Energy Research and Development Agency (ERDA) is conducting a program to 
demonstrate a gas turbine powered automobile that meets Federal Emissions Standards with 
acceleration characteristics and fuel economy that are competitive with current conventionally 
powered vehicles. As part of this program, a 75 KW upgraded engine for a 1600 Kg vehicle is 
being designed and built by the Chry.sier Coip. Fhe turbomachinery components for this engine 
were designed by the NASA Lewis Research Center. The design results are described in 
References 1-3. 

Because of the cyclic nature of the duly cycle for automotive power plants, the moment of 
inertia of the rotating components has an important effect on the fuel economy of the engine 
operating on a given driving cycle. Thus some component efficiency can be sacrificed to 
reduce inertia or increase engine response and still achieve an improvement in driving cycle 
fuel economy. The original compressor for the upgraded engine had an impeller with 18 
backswept blades and a short axial length. Both of these characteristics represent compromises 
for improved driving cycle fuel economy. The backswept impeller has efficiency and flow 
range characteristics that are superior to a radial bladed design. As a compromise to low 
inertia, the 18-blade design has rather high aerodynamic loading near the impeller exit. In an 
effort to bias the compromise to higher efficiency, impellers with 24 blades and 18 blades and 
18 splitters were designed. The 24-blade design had blades that were identical to the original 
18-blade de.sign. Experimental evaluation of the two designs at NASA showed no appreciable 
difference in efficiency. Preliminary design analysis shows that there should be an 
improvement in efficiency with the 18-18 design. This report discusses the-method of blade 
shape coordinate definition and the mechanical design analyses that were earned out for the 
18-18 design. 
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BLADE COORDINATE DEFINITION 

Calciihttiuii Mcfliotl 

In order to iindersutiul ilie work necessary to translate the given impeller geometrical 
description Into drawings (or machining definition (or a computer tape for use by a 5-axis 
machine tool), it is necessaiy to understand the method of calculation in the computer program 
which was used for this purpose. A brief description is given below. 

The computer program delincs a mean camber suiface from specified vtilues of blade tingles at 
the hub and shroud. The computed geometrical parameters are compared with the design 
geometrical parameters for computational consistency as explained below. Specified values of 
normal thickness arc added to llie camber surfaces at defined locations. All terms are defined 
in the Nomenclature Section, Dimensdonal coordinates, (R.Z) are given for two lines in 
meridional space - the hub contour and the shroud contour. The blade angle, jS . is supplied 
along these lines as a fraction of dimensionless distance. The normalizing distances used at the 
hub and shroud were determined from the calculation stations shown in Fig, 1. The polar 
angle, 6 , is then determined by a finite difference integration along each of two lines. 

The polar angles, 6 , for the hub and shroud are used with a machine tool angle, ^ , to 
determine intermediate values of d for other lines (or points) on the blade. The machine tool is 
assumed to be straighl; hence, a linetir distribution of 9 exists along the tool axis from hub to 
shroud points of intersection. The selection of ^ will thus determine the values of 6 (and (j ) 
at intermediate points. 

Finally, a norma! thickness specified along the hub and shroud is used to determine 
intermediate nomial thicknesses by also using a linear variation along the machine tool axis. 
Tangential thicknesses and other sections of the blade geometry can then be obtained by using 
local values of the various angles, their components and the norma! thickness. 

The required information of Z, R, and normal thickness along the hub and shroud lines was 
supplied by NASA. Additionally, the meridional distance of the polar angle 6 was supplied 
for the above points. An interpolation scheme was used to create intermediate points between 
each specified pair. The specified and interpolated points were then used to conrpute the line 
integral for the hub a.nd shroud contours. The computed meridional distances were compared 
with tire supplied values to confirm that the curve-fitting technique and the number of points 
used in the input had accurately generated the desired hub and shroud coordinates. 

The blade angle on a streamline is related to the polar angle, $ . and the meridional 
distance, m, by 


Tan /3 


Mi. 

dm 


The specified values of /3 are used to determine the variation of 6 with m. The values of $ 
are used to compute the cylindral blade angle, and the lean angle, € . These angles are then 
used to recompute the input values of to check errors in numerical differentiation. 

The mean streamline properties that were supplied allow selecting a machine tool angle (i/') 
distribution to achieve the desired intermediate propei’ties. 
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Hub- and Shroiild-Liiie Definition 

The impeller has huh and shroud meridional coordinates identical to ihtit of <i previously 
designed 18-blade impeller svith the exception of the tip ratlins, which has been reduced (see 
Pigure I). The given Z-value of the shroud tip was adjusted slightly {from 30.48 mm to 30.38 
mm) so llval llic same impeller cover can be used. The mendional contours were extended at 
both the leading edge and trailing edge to allow for the creation of extrapohitcd sections. All 
the points were then u.sed in the program to create 7 intermediate points between each 
speciiled pair through use of a second-order Forsythe polynomial, j'he resulting points were 
used to evaluate the previously mentioned line integrals for each contour, A comparison of 
computed distances with the meridional distances supplied is .sliown in Table 1. Agreement is 
very good (maximum error is about 0.05 mm) indicating that the curve-fiuing technique and 
increment size have accurately generated the desired hub and shroud coordinates. 


TABLE I 

Comparison of Specified and Computed Meridional Distances 


Given on the Hub; 


Calc. M 

Error 

Z(mm) 

R (mm) 

M (mm) 

M (mm) 

(mm) 

L.E. 3.05 

25.40 

0. 

0. 

0. 

10.58 

27.61 

7 85 

7.85 

0, 

16.46 

30.60 

14.45 

14.45 

0. 

25.24 

38.10 

25.99 

26.02 

.03 

30.85 

46.79 

36.33 

36.30 

.05 

33.68 

55.70 

45.69 

45.73 

.04 

34.32 

64.31 

54.32 

54.37 

.05 

34.47 

73,33 

63.34 

63,39 

.05 

T.E. 34.47 

80.62 

70.63 

70.68 

.05 

Given on the Shroud: 


Calc. M 

Error 

Z (mm) 

R (mm) 

M (mm) 

M (mm) 

(mm) 

L.E. 3.05 

44.71 

0. 

0. 

0. 

7,89 

44.99 

4.85 

4.86 

.01 

12.22 

45.72 

9.24 

9.25 

.01 

18.11 

48.19 

15.62 

I5.e; 

.02 

22.74 

51.97 

21.60 

21.63 

.03 

26.49 

57.70 

28.45 

28.49 

.04 

23.03 

65.11 

36.22 

36.27 

.05 

30.05 

73.49 

44.69 

44.74 

.05 

T.E. 30.38 

80.62 

SI. 03 

51.88 

,05 


Fuli-Biade Geometry 

The impeller design uses 18 ftdl blades and 18 splitter blades. The splitters are not full blades 
that have been cut back, but are instead a slightly different geometry. Thus, two complete 
geometrical descriptions wer; necessary. The full blades will be considered first. 

With the meridional distances along the hub- and shroud-lines known, a normalized table of the 
given blade angle, j8 . and normal thickness along each line can be created. Figures 2 and 3 
show the resulting -distributions, including those of the original 18-blade impeller. In both 
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ciises, llie circiiliir poin(s were supplied , and the pins points were added. These taller 
adjustments were defitjed hy French-curve dcHnition in order to extend the flowpath 
extrapolating sections or to help generate the correct polar angle at the input points. 

The program has an internal self-consistency check to see if the components of ( jS*. the 
cylindrical blade angle and e , the lean angle) arc being computed correctly from numerical 
derivatives. These angles arc used in calculating the tangential thickness of any point. The 
values ofjS * and € . along with the local slope, cr, are used to recompute ]8 at the Input 
points. A comparison with the input /3 versus the calculated j3 redects the errors in numerical 
diderentiation and in the determination of the local “streamline" slope. The polar angle, Q , is 
also displayed. 

Table 2 d-splays the Z,R coordinate pairs supplied for the hub and their values of/3 and B . 
Also siiown are the errors resulting from the calculated values of /3 (from (3* and e ) and/? 
(from input values of jS ) plus the values of /3*. e and a used in the calculations, 

TABLE 2 (HUB) 

Comparison Of Specified 0 And B On HUB With Computed Values 
All Angles In Degrees, Program Values In ( ) 


Z (mm) 

R (mm) 

BETA 

{BETA 

ERROR) 

THETA 

(THETA 

ERROR ) 

^01 

( e ) 

(a) 

3.05 

25.40 

53.72 

.37 

26.50 

0 . 

- 54.07 

10.16 

14.47 

10,58 

27.61 

41.46 

,43 

45.69 

-.09 

- 43.14 

3.42 

20,90 

16.46 

30,60 

28.33 

.32 

54.87 

.11 

- 33.52 

- 1.05 

32.39 

25 24 

38.10 

11,93 

-.13 

61.69 

.00 

- 19.81 

- 1.59 

50.29 

30.85 

46.79 

9.64 

1.66 

64.20 

.04 

- 15,01 

6.35 

69 . CI 3 

33.68 

55.70 

12.34 

-.26 

66.22 

.02 

- 5,31 

11.64 

84.45 

34.32 

64.31 

16.81 

.05 

68.32 

.05 

.35 

16.87 

08,86 

34.47 

73.33 

24.44 

-.10 

71.11 

.06 

2.35 

24.34 

90.00 

34.47 

80.62 

30.20 

-.11 

73.94 

.02 

1.57 

30.09 

90.00 

With the exception of one point (#5). the 0 

-errors 

are well under one degree. The main 


reason for the larger error (1.662 degrees) at point #5 is the difficulty of determining the local 
slope in this region of highe.sl flowpath curvature. An increase in or of only 5 degrees would cut 
the error to 0,6 degree. The value of O' could easily change by 5 degrees depending on the 
curve-fitting technique employed. Since o: is not used during the calculation of point properties, 
errors in this region should be no larger than elsewhere. The errors in polar angle B are of the 
order of 0.1 degree and primarily indicate the way in which the/3 -curve is drawn, The plus 
marks on Figures 2 and 3 reflect effort to match the desired 0 -values by refinements in the/3 
distribution. 

Figure 4 shows the normal thickness distribution on the hub. The shroud has a constant value 
of 0.508 mm. Since the norma) thicknesses do not depend on integrals or derivatives along the 
flowpath lines, the output values are identical to the input values. 

Table 3 presents the calculation results for the shroudline. Virtually all of the same comments 
apply, including the slope ambiguity in the region of maximum curvature. 
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TABLE 3 (SHROUD) 

Comparison Of Specified 0 And 0 On Shroud With Computed Values 
All Angies In Degrees, Program Values In ( ) 


(BETA (THETA 


Z (mm) 

R (mm) 

BETA 

ERROR) 

THETA 

ERROR) 

f)3*) 

(€) 

(«i. 

3.05 

44.71 

61.96 

.16 

33.61 

-.10 

-62,09 

14.59 

.60 

7.89 

44.99 

54.05 

.27 

43.70 

-.08 

-54.14 

8.92 

6.GB 

12.22 

45.72 

44,93 

.36 

50.25 

-.01 

-45.63 

4.31 

13.92 

18.11 

48.19 

34.04 

.20 

56.59 

-.01 

-37.53 

2.78 

31.45 

22.74 

51.97 

28.60 

,.01 

60.76 

-.01 

-34.30 

7.02 

48.34 

26.49 

57,70 

25,28 

-.97 

64.35 

,02 

-29.44 

14.71 

68.43 

28.83 

65,11 

24.70 

-.55 

67,73 

.01 

-21.49 

21.06 

79.80 

30.05 

73,49 

26.80 

-.16 

71.04 

.05 

-9.12 

26.24 

86.57 

30.38 

80.62 

30.20 

-.05 

73.94 

.02 

-2.41 

30.13 

89.17 


The work described so far completely specifies all properties along the hub and shroutl lines. 
The interior region, however, is not defined until a definite machine-tool cutter-angle 
distribution is selected. For the finst run, it was decided to use the distribution of the original 
18-blade design, check the errors, and then make adjustments. The results, shown in Table 4 
reveal eiTors in jS and 0 that are no larger than those on the hub and shroud. 

TABLE 4 (MEAN) 

Comparison Of Specified ^ And 0 On Meanline With Computed Values 
All Angles In Degrees, Program Values In ( ) 


(BETA (THETA 


Z (mm) 

R (mm) 

BETA 

ERROR) 

THETA 

ERROR) 


(e) 

(O') 

3,05 

35.05 

59.01 

-.17 

30.20 

-.03 

-58.84 

12.46 

16.10 

9.11 

37.12 

4B..55 

.40 

44.40 

-.08 

-49.92 

6.55 

21.38 

14.05 

39.26 

38.28 

-.21 

52.08 

.00 

-40.61 

1.94 

26.33 

21.28 

43.49 

24.50 

-1.08 

59.17 

-.10 

-29.85 

.67 

42,17 

26,55 

49.50 

18.37 

-.87 

62,92 

-.03 

-23.95 

6.13 

59.99 

29.96 

56.72 

17,86 

-.65 

65,73 

-.01 

-17.74 

13.31 

75.35 

31.67 

64,71 

19,29 

.18 

68,29 

.02 

-9.14 

18.78 

84.63 

32.34 •• 

73,43 

24.60 

.20 

71.15 

.07 

-1.60 

24.79 

88.90 

32,46 

80.62 

30.20 

-.36 

73.94 

.05 

.25 

29,85 

89.03 
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An aciclitioniil piobicm is the interior thickness values, Tiic hub ami shroud normal thicknesses 
were input and hence were exact on output. The interior values, however, depend on an 
interpolation which involves the local cutter angle value and thus could be in error. Table 5 
lists the given values and the program errors. All the errors except the last one tire less than 
0,025 mm. The last point was deemed acceptable (the error Is 5.5%), and thus the blade was 
completely defined. The original machine-tool cutter-angle distribution was therefore retained 
for the full blade and a difficult adjustment procedure avoided, 

TABLE 5 

Table Of Specified Normai Thickness On Mean Streamline With 
Computed Thickness Error From Specified Value 


Z (mm) 

R (mm) 

Norm. Thick, (mm) 

(Thick. lError 

3,05 

35,05 

0.93 

0.00 

9.11 

37.12 

0.97 

0.00 

14.05 

39.26 

1.02 

-0.02 

21,28 

43.49 

1.11 

-0,02 

26,55 

49.50 

1.16 

-0.02 

29.96 

56.72 

1.17 

-0.02 

31.67 

64.71 

1.13 

-0.01 

32.34 

73.43 

1.04 

0.00 

32.46 

80.62 

0.88 

.05 
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Splitter Blade Geometry 

The splitter retains the meridional coordinates and thickness distribution oi'the full blades. It 
was also found that the same shroudline -distribution could he used, and it is presented in 
Figure 5 with the leading-edge position indicated, fable 6 contains the shrondline errors which 
result from the calculations. They are of the same order tis those for the lull blade. 

TABLE 6 (Splitter Shroud, Mean, and Hub) 

Comparison Of Specified (3 And 6 With Computed Values 
All Angles In Degrees, Computed Values In ( ) 



Z (mm) 

n (mm) 

BETA 

(BETA 

ERROR) 

THETA 

(THETA 

ERROR) 

r) 

(f) 

( «) 

SHROUD 

17,56 

47.87 

34.73 

.03 

66,10 

-.06 

-36.91 

4.97 

30.0 


28.83 

65.11 

24.70 

.55 

77.73 

-.01 

21.50 

21.06 

79.88 


30.05 

73.49 

26.80 

-.16 

81.04 

,02 

-9.12 

26,24 

86.57 


30.38 

80.62 

30.20 

-.05 

83.94 

.00 

-2.41 

30,13 

89.17 

MEAN 

17.56 

42.1-.1 

31.35 

-.29 

65,48 

.05 

-34.33 

3.32 

33.35 


30.27 

58. 1 1 

18.46 

-1.17 

76.33 

-.06 

-16.03 

14.54 

78.57 


31.71 

66.39 

20.19 

.16 

78.83 

-.02 

-7.69 

19,80 

84.63 


32.35 

74.70 

25,76 

-.11 

81,64 

.02 

-1.00 

25.67 

88.77 


32.47 

80.62 

30.20 

-.36 

83.94 

.02 

,26 

29.85 

88.92 

HUB 

17.56 

31.34 

25.78 

,60 

64.86 

.00 

-30.46 

1,38 

34,94 


30.85 

46.79 

9.64 

1.73 

74,20 

.01 

-15.10 

6.39 

69,03 


33.68 

55.70 

12.34 

-.26 

76.22 

.00 

-5,31 

11.64 

84.45 


34.32 

64.31 

16.81 

.05 

78.32 

.03 

.35 

16.87 

88.86 


34.47 

73.34 

24.44 

-.10 

81.11 

.04 

2.35 

24.34 

90.00 


34.47 

80.62 

30.20 

-.11 

83.94 

.00 

1.57 

30.09 

90.00 


As Figure 6 shows, the /3-di.stribution on the hub is significantly different from that used for 
the full blade. The result is that, at the hub. the splitter is biased toward the suction suiface of 
the full blade, along the initial portion of the splitter. The j3 and d errors are given in Table ft. 
The (3 error of 1.73 degrees is attributed to streamline slope ambiguity. 

The use of the full-blade cutter-tool -distribution generated the (3 and 6 errors given in Table 
6. They are considered acceptable. Thus, the only major difference between the geometry of 
the full blade and splitter is the hub /? -distribution. The lower /^-values over the initial portion 
of the blade produce the desired 0-angIes along the hub. The resulting interior point properties 
are as specified. 
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Photographs of the llnal impeller are shown in Fig. 7. 


MASS AND C.G. CALCULATIONS 

Figure 8 shows the areas into which tin impeller is subdivided in order to compute mass, 
cenler-of-gravity and polar moment of inertia in a coded computer pr ogram. Table 7 shows the 
results of the calculations and includes a breakdown of the contributions to inertia for the 
vtirious aretis. 


TABLE 7 

Summary Of Mass And C.G. Calculations 
For Splitter-BIaded Impeller 


Mass, Kg 1.120 

C.G.. mm. Relative to Z=0 8.66 

Inertia, gm-m^ 2.5090 

Inertia Breakdown: 

Body 0.9442 

Hole -0.0165 

Disc 0.4363 

Ramp 0.6816 

Full Blades 0.2706 

Splitter Blades 0.1927 


STRESS ANALYSIS 

This section presents the results of the centrifugal stress and deflection analysis of the 
compressor disc and blade and an estimate of the impeller burst speed for an assumed average 
disc operating material temperature. 

The stress analysis, which is based on the finite-element approach, was performed to 
determine an impeller configuration which is capable of withstanding the centrifugal stress 
environment present in the test rig. 

Since the NASA impeller is very much similar to the original proven test-rig impeller (with the 
exception that it has IS splitter blades in addition to the IS full blades), a similar disc profile 
was selected for the analysis and is shown in Figure 9. The approach taken was to model the 
impeller based on 36 full blades instead of 18 splitters and 18 full blades. As a result, only a 
sector. 1/36 of the disc, needed to be analyzed. This reduced considerably the amount of 
manual input and computer costs. The calculated disc stresses will also be conservative. 

The impeller is machined from aluminum alloy 2618-T61 material and is designed to operate for 
a design speed of 46,475 rpm. The maximum tangential stress occurs at the bore and is equal 
to 238 MPa. These values are well within the material’s yield strength. The disc average 
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langcnlial stress is 105 MI’a. Based on this value and a burst I'aetor of 0.75, the ealetilated 
burst speed is 72.800 rpm; i.e.. 


Burst Margin = 

riie httrsl margin is equa} to 1.57. 


V 


/ 


0.75 X a Ultimate 


6 Avg. Tang. 


The Unite element model of the impeller, the deformed shape and the stress isoplots for the 
disc and blades are shown in Figures 9 through 24. I he ma:umum blade principal stress is 152 
MPa in tension and occurs at the blade shroudline (suction side) as show n in Figure 19. I he 
equivalent stress is I2fi MPa. T he centrilugal deflection of the lip is 0,01 1 inm forward and 
O.OSfi mm outward, rtiese values compare favorably with 0.0,50 mm forward and 0.085 mm 
outward denections for the 18-bladc impeller. Since the deflections are reasonably comptitible. 
the consideration of 56 blades for the stress model is fully jusiiried. 


BLADE VIBRATION ANALYSIS 

I'he blade frequencies were calciilitted with the N.AS rR.AN finite element program, ttsing 
element .differential stiffness techniques to adjust the frequencies for the rotational speed. 
Figure 25 shows that there are no resonance conditions within the anticipated operating tango. 

[ he lli'st four mode shapes for the blade are shown in Figures 26 through 29. 

CRITICAL SPEED ANALYSIS 

Since the bearing shaft system of the NASA compressor test rig is identical to the fu'ovcn 
C hrysler Baseline Engine system with the exception of the impeller, no analytical dynamic 
analysis needed to be performed. Two C hrysler impellers, having inertia, mass, and bearing 
overhang values as shown in Table 8 have been extensively tested with the shaft system used 
for the NASA rig. and the maximum measured deflection throughout the operating range was 
measured to he only 0.0254 mm. Table 8 shows the NASA impeller characteristic values to be 
almost identical to those of the scaled Upgraded Engine impeller. Thus no critical speed 
problems are anticipated for the N.ASA test rig. 


TABLE 8 


IMPELLER 

MASS (Kg) 

INERTIA (gm-m*) 

Chrysler 

Research 

1.42 

3.515 

Impeller 



Upgraded Engine 
1.26-Scaie 

1.09 

2.419 

(18 Blades) 



NASA 
(18 Blades. 
18 Splitters) 

1,12 

2,509 

Upgraded Engine 
1.26-Scale 
(24 Blades) 

1.11 

2,502 


BEARING 
OVERHANG (mm) 


26,5 


26.8 


27,00 


26.8 
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Concluding Remarks 


Two splitter-bladed centrifugal compressor impellers were procured for rig testing at NASA 
Lewis Research Center. Chrysler Corporation provided mechanical design services in which 
blade coordinates were defined for engineering drawings and calculations were performed for 
structural integrity. 


!0 



Nomenclature 


j3 - Blade angle; = TAN~^ (Rd0/dm), deg. 

6 - Polar angle about axis of rotation, deg, 

P* - Cylindrical blade angle; = TAN—'' (Rd0/dz), deg. 
e - Blade lean angle; = TAN-^ Rd0/dR), deg. 

R - Radius, mm 
Z - Axial distance, mm 
M - Meridional distance, mm 
- Machine cutter angle, deg. 


TRAlLlAif7 



Definition of Cutter Angle 
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AXIAL COORDINATE IN MM. 


Figure 1 

Meridional View Of Impeller 
1.2588 Scale 
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RADIAL COORDINATE IN MM. 



Figure 2 

Shroudline Blade Angle Distribution, 
36-<Blade and 18-Biade Impellers 



NORMALIZED MERIDIONAL DISTANCE 


Figure 3 

Hubiine B)ade Angle Distribution, 
36-BIade and 18-Blade Impellers 


BLADE THICKNESS - MM 



Figure 4 

Normalized Thickness Distribution On Hub 


NORMALIZED MERIDIONAL DISTANCE 




NORMALIZED MERIDIONAL DISTANCE 


Figure 5 

Shroudline Blade Angie Distribution For 
Splitter Blades (Same As Full Blades) 





BLADE ANGLE -8 - DEGREES 


0. .1 .2 3 .4 .5 .5 .7 B .9 1 

NORMALIZED MERIDIONAL DISTANCE 



Figure 6 

Hubline Blade Angle Distribution For Splitter Blades 




ORIGINAL PAGK IS 
OF POOR OL'ALITY 


Figure 7 

Front, Side and % Views of 36-Blade Impetier 



Z=0. LINE 


I 

s 



BODY 


Figure 8 

Breakdown) of DmpeOSer Elements 
For Mass, C.@. and Inertia Calculations 
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Figure 9 

Jmpeller Configuration 
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Figure 10 

FOnllSe Elemeent Model of Dmpelller 
to*' “Spiral Wedge" Sector 
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Figure 11 

Meridional View 

yndeformed Shape vs. Deformed Shape 
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Figure 12 
Oblique View 

yDUCieformed Shape vs. Oeformed Shape 
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A = -1.6293498E + 4 
B = -1.2028772E + 4 
C = -7-7640474E + 3 
P = -3.4993223E + 3 
E = +7.6540271 E + 2 
F = +5.0301278E + 3 
G = +9.2948528E + 3 
H = +1.3559578E + 4 
I = +1.7824303E + 4 
J = +2.2089028E + 4 
K = O.OQOOOOOE 0 


Figure 14 

Oise Frindpal Stresa 
(Radian) 
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Figure 15 

Oise Principal Stress 
ial) 


E 103. 
F 136. 
G 16B. 
H 201. 


LEGEND (PSI) 


A = -3,879501 7E + 3 
B = +0.4164293E -t- 2 
C = +5.5B27876E 4- 3 
D = +1.0283932E + 4 
E = +1.5005077E + 4 
F = +1.9726222E + 4 
G = +2.4447366E + 4 
H = -I-2.9168511E+ 4 
t = +3.3889655E + 4 
J = +3.861 0800E + 4 
K = O.OOOOOQOE 0 



LSGEND (MPa) 

A 29. 

B 53. 

C 76. 

D 99. 

E 122. 

F 145. 

G 168. 

H 192. 

I 215. 

J 238. 

K 0, 

LEGEND fPSI) 

A = +4.2586762E + 3 
B = +7.6230621 E + 3 
C = +1.0987448E + 4 
D =+1.4351834E + 4 
E = +1.7716220E + 4 
F = +2.1080606E + 4 
G = +2.4444992E + 4 
H = +2.7809378E + 4 
( = +3.1173763E + 4 
J = +3.45381 49E + 4 
K = O.OOOOOOOE 0 






LEGEND (MPa) 

A 

- 14. 

B 

5. 

C 

24. 

D 

43. 

E 

63. 

F 

82. 

G 

101. 

H 

0. 


LEGEND (PSD 

A - -2.0046921 E + 3 
B = +7.64161 32E + 2 
C = +3.5330148E + 3 
D = +6.3018682E + 3 
E = +9.070721 7E + 3 
F = +1.1B39575E + 4 
G = +1.4608429E + 4 
H = O.OOOOOOOE 0 


Figure 18 

BOade SuetEem SSde Fdinisipal Stress #2 
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LEGEND (MPa) 

A - .5 

B 22. 

C 44. 

D 66. 

E 88. 

F 110. 

G 132. 

H 0. 

LEGEND (PSD 

A = -8.1118923E + 1 
B = +3.1215116E + 3 
C = +6.3241421 E + 3 
D = +9.5267726E + 3 
E = +1.2729403E + 4 
F = +1.5932034E + 4 
G = +1.9134664E + 4 
H = O.OOOOOOOE 0 


Figure 19 

Blade Suction Side Principal Stress #3 
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LEGEND (MPa) 
A 7. 

B 27. 

C 47. 

D 67. 

E 86. 

F 106. 

G 126. 

H 0. 

LEGEND (PSt) 


+1.0349974E 

+ 

3 

+3.910B327E 

+ 

3 

+6.7866680E 

+ 

3 

+9.6625033E 

+ 

3 

+1.2538339E 

+ 

4 

+1.541 41 74E 

+ 

4 

+1.8290009E 

+ 

4 

O.OOOOOOOE 


0 


Figure 20 

iBade SyDtSoin Side EqySvaBemt Stress 
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LEGEND <MPal 

A -26. 

B - 8. 

C 10. 

D 28, 

E 46. 

F 64. 

G 82. 

H 0. 

LEGEND (PSD 

A = -3.76191 64E -f 3 
B = -1.1452456E + 3 
C = ■M.4714253E + 3 
D = +4.0880961 E + 3 
E = +6.7047670E + 3 
F = +9.3214378E +3 
G = +1,1 9381 09E + 4 
H = 0,OOOOOOOE 0 


Figure 22 

Blade Pressyre Side Prioelpal Stress #2 
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LEGEND (MPa) 

A 13. 

B 33. 

C 53. 

D 72. 

E 93. 

F 112. 

G 132. 

H 0. 

LEGEND (PSD 

A = +1.9269466E + 3 
B = +4.8009745E + 3 
C = +7.6750024E + 3 
D = T 5.0549030E + 4 
E = +1.3423058E + 4 
F = +1.6297Q86E + 4 
G = +1,9171114E + 4 
H = O.OOOOOOOE 0 


Figure 24 

Blade Pressure S3de EqulvaOent Stress 
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BLADE FREQUENCY {KHZ) 



Figure 25 

Dmpefiler Car^upbelll DSagram 


37 







Figure 29 

Mode 4-15, 616 Hz 
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